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Abstract
In this era of next generation sequencing technologies it is now possible to characterise the
chicken respiratory microbiota without the biases inherent to traditional culturing techniques.
However, little research has been performed in this area. In this study we characterise and
compare buccal, nasal and lung microbiota samples from chickens in three different age
groups using 16S rRNA gene analysis. Buccal and nasal swabs were taken from birds aged
2 days (n = 5), 3 weeks (n = 5) and 30 months (n = 6). Bronchoalveolar lavage (BAL) sam-
ples were also collected alongside reagent only controls. DNA was extracted from these
samples and the V2-V3 region of the 16S rRNA gene was amplified and sequenced. Quality
control and OTU clustering were performed in mothur. Bacterial DNA was quantified using
qPCR, amplifying the V3 region of the 16S rRNA gene. We found significant differences
between the quantity and types of bacteria sampled at the three different respiratory sites.
We also found significant differences in the composition, richness and diversity of the bacte-
rial communities in buccal, nasal and BAL fluid samples between age groups. We identified
several bacteria which had previously been isolated from the chicken respiratory tract in
culture based studies, including lactobacilli and staphylococci. However, we also identified
bacteria which have not previously been cultured from the respiratory tract of the healthy
chicken. We conclude that our study can be used as a baseline that future chicken respira-
tory microbiota studies can build upon.
Introduction
Many studies have been performed which have used 16S rRNA gene analysis to study the
human respiratory microbiota and it has been recognised that these communities of bacteria
are highly important in the maintenance of respiratory health [1].
However, to our knowledge only one study has been published which has studied the respi-
ratory microbiota of the healthy chicken using 16S rRNA gene analysis [2]. In contrast, the
importance of the gut microbiota with regard to growth performance and reduction of patho-
gen load of poultry is well recognised and the composition and dynamics of the microbial
communities in the gastrointestinal tract have been studied in more detail using next genera-
tion sequencing [3–6]. In mammals, the composition of the respiratory microbiota is associ-
ated with disease severity [7] and future risk of developing respiratory disease [8]. Vaccination
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against respiratory pathogens such as Streptococcus pneumonia has also been linked to changes
in the respiratory bacterial flora as the suppression of vaccine targets within these communities
can lead to the proliferation of other bacterial species [9,10]. Members of the respiratory
microbiota also contribute to the maintenance of the mucosal immune system [11], and alter-
ations in the local immune environment, such as increased inflammation due to acute lung
injury, can also lead to changes in the bacterial communities present and the outgrowth of
opportunistic pathogens [12].
Investment into understanding the composition of bacterial communities, their effect on
the immune status of the respiratory tract and the interaction with pathogens in chickens
would likely have a positive impact on poultry health, given the fact that most viruses in
chicken enter through the respiratory tract and the live attenuated vaccines to prevent them
are given by spray or oculo/nasal route.
Using culture based methods, a wide variety of bacteria and fungi have been isolated from
the respiratory tracts of healthy chickens [13–15]. However, these studies are only able to iso-
late and characterise those microbes which can be cultured and identified under laboratory
conditions. By sequencing the bacterial 16S rRNA genes present in a sample it is possible to
identify the bacteria it originally contained without the need for culturing and at a far smaller
cost than using shotgun metagenomics.
This is the first study to compare buccal, nasal and lung microbiota samples from chickens
of different ages using 16S rRNA gene analysis.
Materials and methods
Study design
Novogen Brown chickens were bred and housed at the National Avian Research Facility in
Edinburgh (UK). The chickens were housed in groups in floor pens with wood shavings bed-
ding and received food and water ad libitum. The birds in this study were 2 days (n = 5), 3
weeks (n = 5) and 30 months (n = 6) of age and all birds were considered healthy by physical
examination. The 30-month-old birds were vaccinated according to S1 Table, the younger
birds were not vaccinated. Chicken husbandry conditions are described in S2 Table. Animals
were housed in premises licensed under a UK Home Office Establishment License within the
terms of the UK Home Office Animals (Scientific Procedures) Act 1986. Housing and hus-
bandry complied with the Code of Practice for Housing and Care of Animals Bred, Supplied
or Used for Scientific Purposes and were overseen by the Roslin Institute Animal Welfare and
Ethical Review Board. Animals were culled by schedule one methods authorized by the Ani-
mals (Scientific Procedures) Act 1986. Birds were euthanized by cervical dislocation.
To minimise contamination from bacterial DNA (from dead bacteria) originating from the
lab environment, all of the reagents and equipment used during sampling were first treated
with UV. All procedures were carried out in a lamina flow cabinet which had been treated
with DNA Zap solution (DNAZap PCR DNA Degradation Solutions, Thermo Fisher Scien-
tific). All sampling equipment was also treated with DNA Zap.
Buccal and nasal swabs were taken using plastic feeding tubes (20 ga x 38 mm, sterile,
Instech). Prior to sampling of bronchoalveolar (BAL) fluid, for each chicken a negative control
containing only 2.5 ml sterile phosphate buffered saline (PBS) was produced by passing the
PBS through the same needle, syringe and tubing which was then used to collect BAL from the
chicken. These controls underwent DNA extraction and PCR amplification alongside BAL
samples in order to identify contaminating bacterial DNA. BAL sampling was performed by
exposing the trachea and making a small incision. While chickens do not have alveoli, we
will use the phrase BAL fluid to refer to these samples as this is the most commonly used
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terminology in the literature. A 20G, 0.9 x 52 mm needle was sheathed in plastic tubing and
inserted into the trachea. PBS was passed through the needle and into the lungs before being
withdrawn. 1.5 ml of PBS was used for sampling the 2 day old birds, 2.5 ml for the 3 week old
birds and 10 ml for the 30 month old birds. For two birds (3 week old 4828 and 30 month old
4329) BAL samples were not able to be collected due to burst air sacs. Not including these
birds, on average 1.12 ml of BAL fluid was collected from the 2 day old birds, 0.88 ml from the
3 week old birds and 5.6 ml from the 30 month old birds. Buccal and nasal swabs, PBS controls
and BAL fluids were immediately frozen on dry ice then stored at -80˚C until DNA extraction.
DNA extraction and 16S rRNA gene amplification
Samples were randomised into three DNA extraction batches. DNA extraction was performed
as described previously [16] using the PowerSoil1 DNA Isolation Kit (Mo Bio). DNA extrac-
tion reagent only controls were included for each batch of DNA extractions (two controls were
included in the third extraction batch, referred to as extraction controls 3 and 4). The V2-V3
region of the 16S rRNA gene was amplified via PCR as described previously [16]. Briefly, a
nested PCR protocol was performed using the V1-V4 primers 28F (‘5–175 GAGTTTGATC
NTGGCTCAG-3’) and 805R (‘5-GACTACCAGGGTATCTAATC-3’) followed by the V2-V3
primers 104F (‘5-GGCGVACGGGTGAGTAA-3’) and 519R (‘5–177 GTNTTACNGCGGCK
GCTG-3’) with Illumina adaptor sequences and barcodes.
Sequencing and data analysis
Amplicons were sequenced using an Illumina Miseq producing paired-end 250 base-pair reads.
Primers were removed using cutadapt. Quality control and operational taxonomic unit (OTU)
clustering were performed within mothur [17] following a protocol developed by the mothur
creators [18] as previously described [16]. OTUs were clustered using a database-dependent
approach and were then subsampled (S3 Table). Good’s coverage was used to estimate sample
coverage [19]. Analysis of molecular variance (AMOVA) was used to determine if there were
significant differences in the bacterial communities between sample groups. AMOVA is a non-
parametric test which tests if groups of samples cluster significantly separately by their bacterial
community compositions [20]. The Kruskal-Wallis test was used to detect significant differences
in richness (Chao 1 index) and diversity (Inverse Simpsons diversity index) between bacterial
communities. The Chao 1 index is based upon the amount of rare OTUs which are present in a
sample; a high Chao 1 richness index value indicates a high number of rare OTUs. The Inverse
Simpsons diversity index takes into account both OTU abundance and the number of OTUs
present in a sample; an increase in the Inverse Simpsons Index indicates an increase in species
richness and evenness, and thereby in diversity. Indicator analysis was used to identify OTUs
which were significantly more abundant in specific sample groups [21]. Heatmaps were gener-
ated in R Version 3.2.2 (R Foundation for 212 Statistical Computing), a boxplot for qPCR data
was constructed in SPSS Statistics 21 (IBM Analytics) and a stacked bar chart was created in
Excel 2013 (Microsoft). Principle coordinate analysis graphs (PCOA) were constructed within
mothur to visualise sample clustering by bacterial community composition.
The unassembled sequencing reads used to generate the data in this paper can be found at
Bioproject accession number PRJNA393945.
qPCR
Quantification of the V3 region of the 16S rRNA gene was performed as described previously
[22] using the primers UniF340 (‘5–222 ACTCCTACGGGAGGCAGCAGT-3’) and
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UniR514 (‘5-ATTACCGCGGCTGCTGGC-3’) at a final concentration of 0.4 μM using the
LightCycler 480 SYBR green I master mix (Roche Applied Science).
Results
Quality control
The V2-V3 region of the 16S gene was sequenced and quality control was performed on these
sequences. 47% of sequences were removed during quality control. Per sample the average
number of reads after quality control was 100,531 ± 40,849 (mean ± standard deviation (SD)).
The lowest Good’s coverage value for any sample was 0.998. This means that for all samples at
least 99.8% of the bacteria which were in the original samples were identified. The sequence
error rate was 0.25% and a total of 812 bacterial OTUs were identified.
The six most abundant bacterial OTUs on average in DNA extraction reagent only controls
were Nostocophycideae (18.9%), Scytonemataceae (13.1%), Actinobacillus (12.7%), Anaerococ-
cus (8.3%), Enhydrobacter (4.2%) and Pelomonas (3.8%). The most abundant bacterial OTUs
on average in PBS controls were Pseudomonas (29.7%), Nostocophycideae (17.4%), Scytone-
mataceae (9.5%), Lactobacillus (2.9%), Erwinia (2.5%) and Methylobacterium (2.5%).
Comparing buccal, nasal and lung samples
Buccal, nasal and BAL samples clustered significantly separately by their bacterial community
compositions (AMOVA: P<0.001) (Fig 1). Both richness and diversity were also significantly
different between sample types (Kruskal-Wallis Test: P<0.001) (Table 1).
The V3 region of the 16S rRNA gene was quantified in our samples using qPCR in order to
ascertain how much bacterial DNA was in these samples. Different sample types contained sig-
nificantly different quantities of bacterial DNA (Kruskal-Wallis: P<0.001). On average, sam-
ples contained the following concentrations of this bacterial amplicon (mean ± SD): buccal
swabs (6.02x10-3 ± 1.42x10-2 ng/μl), nasal swabs (2.59x10-3 ± 6.25x10-3 ng/μl), BAL fluids
(2.37x10-2 ± 8.06x10-2 ng/μl), PBS controls (1.3x10-4 ± 1.5x10-5 ng/μl), DNA extraction reagent
controls (1.32x10-4 ± 1.5x10-5 ng/μl) and water controls (1.31x10-4 ± 1.0x10-5 ng/μl).
Fig 1. Bacterial genera in respiratory samples from chickens. The most abundant bacterial genera (A) and orders (B) on
average in respiratory samples from chickens of different ages and in PBS and DNA extraction reagent controls.
https://doi.org/10.1371/journal.pone.0188455.g001
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Table 1. Richness and diversity of bacterial communities in different sample types.
Sample type Chao (richness) (median ± SD) Inverse Simpsons (diversity) (median ± SD)
BAL All: 86.74 ± 41.6 All: 5.66 ± 3.59
2 days old: 80.27 ± 19.68 2 days old: 5.52 ± 3.92
3 weeks old: 76.23 ± 11.82 3 weeks old: 2.83 ± 2.96
30 months old: 97.97 ± 63 30 months old: 7.85 ± 3.44
Buccal swabs All: 88.63 ± 42.1 All: 4.24 ± 7.03
2 days old: 73.84 ± 50 2 days old: 2.65 ± 12.71
3 weeks old: 76.06 ± 17 3 weeks old: 3.63 ± 0.88
30 months old: 126.81 ± 28 30 months old: 5.93 ± 1.92
Nasal swabs All: 162.45 ± 73.7 All: 9.33 ± 4.46
2 days old: 117.1 ± 46.5 2 days old: 6.25 ± 3.21
3 weeks old: 150.2 ± 19.59 3 weeks old: 8.55 ± 4.20
30 months old: 267 ± 59.3 30 months old: 10.84 ± 5.68
PBS and DNA extraction reagent controls All: 80.90 ± 13.72 All: 3.68 ± 2.98
https://doi.org/10.1371/journal.pone.0188455.t001
Fig 2. Heatmap of buccal swab samples grouped by animal age. Bacterial OTUs were included where they had an abundance of5%
in at least one sample. DNA extraction kit reagent controls are labelled as Extraction control n.
https://doi.org/10.1371/journal.pone.0188455.g002
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Buccal microbiota
The most common bacterial OTUs found on average in buccal swabs were Lactobacillus
(15.3%), Enterobacteriaceae (10.9%), Lactobacillus reuteri (10.0%), Lactobacillus (9.6%), Lacto-
bacillus vaginalis (6.7%) and Lactobacillus salivarius (6.7%).) (Fig 2). Samples clustered by their
bacterial community compositions according to age group (AMOVA: P<0.001) (Fig 3). The
richness of these bacterial communities was also significantly different between age groups
(Kruskal-Wallis Test: P = 0.02), with richness rising with age, but age groups did not differ sig-
nificantly in diversity. Bacterial OTUs which are indicative of specific age groups can be found
in S4 Table.
Nasal microbiota
The most common bacterial OTUs found on average in nasal swabs were Staphylococcus
(8.0%), Lactobacillus (6.2%), Enterobacteriaceae (6.0%), Faecalibacterium prausnitzii (5.0%),
Staphylococcus equorum (5.0%) and Lactobacillus reuteri (4.4%) (Fig 4). Samples clustered by
their bacterial community compositions according to age group (AMOVA: P<0.001) (Fig 5).
The richness of these bacterial communities was also significantly different between age groups
(Kruskal-Wallis Test: P = 0.01), with richness rising with age, but age groups did not differ sig-
nificantly in diversity. Bacterial OTUs which are indicative of specific age groups can be found
in S5 Table.
Fig 3. Clustering of chicken buccal swab samples according to age. PCOA graph showing the
significantly separate clustering by community composition of the bacterial communities in buccal swabs from
chickens of different ages (AMOVA: P<0.001).Each axis label shows the total percentage of variability
between samples which is represented by that axis.
https://doi.org/10.1371/journal.pone.0188455.g003
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Lung microbiota
The most common bacterial OTUs found on average in BAL fluid samples were Pseudomonas
(20.7%), Achromobacter (4.8%), Lactobacillus (4.8%), Turicibacter (4.7%), SMB53 (3.6%) and
Lactobacillus (3.0%). Due to the low biomass of lung microbiota samples, they are sensitive to
contamination from bacterial DNA originating from reagents. As such PBS only negative con-
trols were also analysed. While the bacterial community compositions in BAL fluid samples
were significantly different from PBS controls (AMOVA: P = 0.024) the most common bacte-
rial OTU on average in PBS controls was identified as Pseudomonas (29.7%). This OTU
occurred at high abundance in some of our samples and is likely to be due to contamination.
Initially, samples did not cluster significantly by age group according to their bacterial com-
munity compositions, richness or diversity. However, when the Pseudomonas OTU was
removed samples did cluster by age group according to their bacterial community composi-
tions (AMOVA: 0.017) (Fig 6). Several other bacterial OTUs were identified in our reagent
controls (at lower abundance) but were not commonly found in our BAL samples (Fig 7) and
Fig 4. Heatmap of nasal swab samples grouped by animal age. Bacterial OTUs were included where they had an abundance of5% in
at least one sample. DNA extraction kit reagent controls are labelled as Extraction control n.
https://doi.org/10.1371/journal.pone.0188455.g004
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were therefore not removed prior to statistical analysis. The 30 month age group clustered sig-
nificantly separately from both the 2 day age group (AMOVA: p = 0.045) and the 3 week age
group (AMOVA: p = 0.031); however, the 2 day and 3 week samples did not cluster signifi-
cantly separately from one another.
After Pseudomonas removal, the most common bacterial OTUs found on average in BAL
fluid samples were Lactobacillus (7.4%), Turicibacter (6.6%), Achromobacter (5.2%), Methylo-
bacterium (4.8%), SMB53 (4.7%) and Lactobacillus (4.3%) (Fig 7). The most common bacterial
OTUs found on average in PBS control samples were Nostocophycideae (17.5%), Scytonema-
taceae (9.6%), Methylobacterium (8.6%), Pelomonas (3.9%), Lactobacillus (3.8%) and Erwinia
(2.5%). The following OTUs were found to be significantly indicative (P<0.05) of BAL samples
from the 30 month samples: Corynebacterium (P = 0.032), Clostridium perfringens (P = 0.028),
Fusobacteriaceae (P = 0.02), Clostridiales (P = 0.012), Turicibacter (P = 0.008), Peptostrepto-
coccaceae (P = 0.004), SMB53 (P = 0.004) and Fusobacterium (P<0.001). No OTUs were
found to be significantly indicative of samples from the 2 day or 3 week age groups.
Discussion
This is the first published study to compare the microbiota at multiple respiratory sites of
chickens from different age groups using 16S rRNA gene analysis. We found that there were
Fig 5. Clustering of chicken nasal swab samples according to age. PCOA graph showing the
significantly separate clustering by community composition of the bacterial communities in nasal swabs from
chickens of different ages (AMOVA: P<0.001). Each axis label shows the total percentage of variability
between samples which is represented by that axis.
https://doi.org/10.1371/journal.pone.0188455.g005
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significant differences in the bacterial communities identified in buccal, nasal and BAL fluid
samples. We also observed differences in the bacterial communities at each of these sites,
based upon the age of the chickens from which the samples were taken. Significant differences
in the richness and diversity of these communities was also observed between age groups.
By far the most common bacteria identified in our buccal swab samples were members of
the genus Lactobacillus. Lactobacilli are known to be common colonisers of the chicken respi-
ratory tract [13,14,23,24] along with members of the family Enterobacteriaceae which were
also found in high abundance in our older birds. This confirms that by using 16S rRNA gene
analysis it is possible to identify common respiratory colonisers which have previously been
identified using culture based techniques. We also found a high abundance of lactobacilli in
the nasal swabs from both the 2 day and 3 week old birds. However, the 30 month old birds
showed a far lower abundance of lactobacilli and instead Jeotgalicoccus, Staphylococcus and
smb53 were the most abundant bacteria.
Previously, lung microbiota samples have been shown to be affected by contaminating bac-
terial DNA originating from sterile lab reagents and equipment, due to the low bacterial bio-
mass these samples contain [25]. As such it is recommended that reagent controls are
processed alongside samples in lung microbiota studies [26]. Previous studies have routinely
identified low concentrations of bacterial DNA in “reagent only” controls, often originating
from skin-colonising and environmental bacteria [25,27–29]. As expected, our BAL fluid sam-
ples were affected by contaminating bacterial DNA originating from the PBS which was used
to collect these samples, notably Pseudomonas which was found in relatively high abundance
in our PBS controls and in some of our BAL samples. The high abundance of Pseudomonas in
our controls, along with the fact that Pseudomonas spp. are common environmental bacteria
led us to remove Pseudomonas from our BAL samples prior to statistical analysis as we felt con-
fident that the presence of these sequences was due to contamination. Other OTUs found in
our reagent controls were not commonly found in our BAL samples and were therefore not
removed prior to statistical analysis. After removing Pseudomonas, there was a large amount of
Fig 6. Clustering of chicken BAL fluid samples according to age. PCOA graph showing the significantly
separate clustering by community composition of the bacterial communities in BAL fluid from chickens of
different ages (AMOVA: P = 0.017). Prior to clustering, OTUs identified as Pseudomonas were removed as
their presence was likely due to contamination from reagents. Each axis label shows the total percentage of
variability between samples which is represented by that axis.
https://doi.org/10.1371/journal.pone.0188455.g006
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variation in the bacterial communities isolated from the BAL fluid of different birds, both
between age groups and within age groups. Despite this, after Pseudomonas was removed from
our analysis the oldest age group did cluster significantly separately from the other age groups
by its bacterial community structure. Interestingly, while in humans the lung microbiota is
often highly similar to the oral microbiota [30,31] this is not the case in our chickens as the
types of bacteria found in BAL fluids were significantly different from those found in both buc-
cal and nasal swabs. This may be due to differences between the human and avian respiratory
systems or due to the different environmental conditions to which these species are exposed.
While the presence of Staphylococci, Lactobacilli and members of the Enterobacteriaceae
corresponds with previous findings from culture based studies, we identified several bacteria
which were in5% abundance in at least one of our respiratory samples which had previously
not been identified in high abundance in culture based studies. These include several bacteria
which have previously been found as members of the chicken gut microbiota, such as Faecali-
bacterium, Enterococcus cecorum, Turicibacter and smb53 [4,32–34], and bacteria which have
Fig 7. Heatmap of BAL fluid samples grouped by animal age. Bacterial OTUs were included where they had an abundance of
7% in at least one sample. OTUs labelled Pseudomonas have been removed as their presence was likely due to reagent
contamination. DNA extraction kit reagent controls are labelled as Extraction control n. PBS controls are labelled as n control PBS,
where n is the chicken sampled immediately after the control sample was taken.
https://doi.org/10.1371/journal.pone.0188455.g007
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previously been isolated from poultry house air, such as Jeotgalicoccus [35]. Several of the bac-
teria which we isolated were also found in a previous study of chicken BAL fluid using 16S
rRNA gene analysis, including Gallibacterium, Avibacterium, Acinetobacter and Staphylococcus
[2].
The avian respiratory tract is the common site of pathogen entry and disease, including
Newcastle disease, infectious bronchitis, and avian influenza. The treatment and prevention of
respiratory infections are of utmost importance for the industry, not only because they have a
devastating effect on the poultry flocks, but they also render flocks immunosuppressed and
susceptible to opportunistic infections such as colibacillosis. Broilers and layer hens are there-
fore subject to intensive vaccination regimes and the standard route of vaccination is via spray
or eye/nose drop. Changes in the composition of the respiratory microbiota in mammals have
been shown to be correlated with various respiratory diseases and to vaccination against spe-
cific respiratory pathogens [9,10,26].
This study shows that using 16S rRNA gene analysis to study the chicken respiratory micro-
biota can allow us to detect the presence of bacteria which may be missed in culture based
studies. It provides a baseline on which future studies can be built and demonstrates differ-
ences between the respiratory microbiota of chickens at different ages.
Supporting information
S1 Table. Management of chickens at the National Avian Research Facility.
(DOCX)
S2 Table. Chicken vaccination schedule.
(DOCX)
S3 Table. Bacterial OTUs, sequenced by Miseq, assigned to samples taken from sheep
lungs and controls. OTUs were assigned and classified using MOTHUR http://www.mothur.
org/wiki/Main_Page. OTUs were subsampled to 32670.
(XLSX)
S4 Table. Significantly indicative OTUs for specific age groups in buccal samples.
(XLSX)
S5 Table. Significantly indicative OTUs for specific age groups in nasal samples.
(XLSX)
Acknowledgments
We would like to thank the staff at the Greenwood Building, Roslin Institute for the care of
our animals.
Author Contributions
Conceptualization: Laura Glendinning, Gerry McLachlan, Lonneke Vervelde.
Formal analysis: Laura Glendinning.
Funding acquisition: Lonneke Vervelde.
Investigation: Laura Glendinning, Lonneke Vervelde.
Methodology: Laura Glendinning, Lonneke Vervelde.
Project administration: Lonneke Vervelde.
Age-related differences in the respiratory microbiota of chickens
PLOS ONE | https://doi.org/10.1371/journal.pone.0188455 November 22, 2017 11 / 13
Resources: Lonneke Vervelde.
Supervision: Gerry McLachlan.
Writing – original draft: Laura Glendinning, Gerry McLachlan, Lonneke Vervelde.
Writing – review & editing: Laura Glendinning, Gerry McLachlan, Lonneke Vervelde.
References
1. Man WH, de Steenhuijsen Piters WAA, Bogaert D The microbiota of the respiratory tract: Gatekeeper
to respiratory health. Nat Rev Micro. 2017; 15: 259–270. https://doi.org/10.1038/nrmicro.2017.14
PMID: 28316330
2. Shabbir MZ, Malys T, Ivanov YV, Park J, Shabbir MAB, Rabbani M, et al. Microbial communities pres-
ent in the lower respiratory tract of clinically healthy birds in Pakistan. Poult Sci. 2015; 94: 612–620.
https://doi.org/10.3382/ps/pev010 PMID: 25667427
3. Yeoman CJ, Chia N, Jeraldo P, Sipos M, Goldenfeld ND, White BA The microbiome of the chicken gas-
trointestinal tract. Anim Health Res Rev. 2012; 13: 89–99. https://doi.org/10.1017/
S1466252312000138 PMID: 22853945
4. Stanley D, Hughes RJ, Moore RJ Microbiota of the chicken gastrointestinal tract: Influence on health,
productivity and disease. Appl Microbiol Biotechnol. 2014; 98: 4301–4310. https://doi.org/10.1007/
s00253-014-5646-2 PMID: 24643736
5. Waite DW, Taylor MW Characterizing the avian gut microbiota: Membership, driving influences, and
potential function. Front Microbiol. 2014; 5. https://doi.org/10.3389/fmicb.2014.00223 PMID: 24904538
6. Torok VA, Ophel-Keller K, Loo M, Hughes RJ Application of methods for identifying broiler chicken gut
bacterial species linked with increased energy metabolism. Appl Environ Microbiol. 2008; 74: 783–791.
https://doi.org/10.1128/AEM.01384-07 PMID: 18065621
7. Piters W, Heinonen S, Hasrat R, Bunsow E, Smith B, Suarez-Arrabal MC, et al. Nasopharyngeal micro-
biota, host transcriptome, and disease severity in children with respiratory syncytial virus infection. Am J
Respir Crit Care Med. 2016; 194: 1104–1115. https://doi.org/10.1164/rccm.201602-0220OC PMID:
27135599
8. Teo SM, Mok D, Pham K, Kusel M, Serralha M, Troy N, et al. The infant nasopharyngeal microbiome
impacts severity of lower respiratory infection and risk of asthma development. Cell Host Microbe.
2015; 17: 704–715. https://doi.org/10.1016/j.chom.2015.03.008 PMID: 25865368
9. Reiss-Mandel A, Regev-Yochay G Staphylococcus aureus and Streptococcus pneumoniae interaction
and response to pneumococcal vaccination: Myth or reality? Human Vaccines Immunother. 2016; 12:
351–357. https://doi.org/10.1080/21645515.2015.1081321 PMID: 26905680
10. Devine VT, Jefferies JM, Clarke SC, Faust SN Nasopharyngeal bacterial carriage in the conjugate vac-
cine era with a focus on pneumococci. J Immunol Res. 2015. https://doi.org/10.1155/2015/394368
PMID: 26351646
11. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF, et al. Commensal bacte-
ria calibrate the activation threshold of innate antiviral immunity. Immunity. 2012; 37: 158–170. https://
doi.org/10.1016/j.immuni.2012.04.011 PMID: 22705104
12. Poroyko V, Meng F, Meliton A, Afonyushkin T, Ulanov A, Semenyuk E, et al. Alterations of lung micro-
biota in a mouse model of LPS-induced lung injury. Am J Physiol Lung Cell Mol Physiol. 2015; 309:
L76–L83. https://doi.org/10.1152/ajplung.00061.2014 PMID: 25957290
13. Kawaguchi I, Hayashidani H, Kaneko K, Ogawa M, Benno Y Bacterial-flora of the respiratory tracts in
chickens with a particular reference to Lactobacillus species. J Vet Med Sci. 1992; 54: 261–267.
https://doi.org/10.1292/jvms.54.261 PMID: 1606255
14. Smibert RM, Devolt HM, Faber JE A study of the bacterial flora of the respiratory system of normal
chickens. Poult Sci. 1958; 37: 159–166. https://doi.org/10.3382/ps.0370159
15. Sharma V, Sethi M, Negi S Fungal flora of the respiratory tract of fowls. Poult Sci. 1971; 50: 1041–
1044. https://doi.org/10.3382/ps.0501041 PMID: 5106882
16. Glendinning L, Wright S, Pollock J, Tennant P, Collie D, McLachlan G Variability of the sheep lung
microbiota. Appl Environ Microbiol 2016; 82: 3225–3238. https://doi.org/10.1128/AEM.00540-16
PMID: 26994083
17. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
Open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; 75: 7537–7541. https://doi.org/10.1128/AEM.
01541-09 PMID: 19801464
Age-related differences in the respiratory microbiota of chickens
PLOS ONE | https://doi.org/10.1371/journal.pone.0188455 November 22, 2017 12 / 13
18. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD Development of a dual-index sequenc-
ing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq illumina sequenc-
ing platform. Appl Environ Microbiol. 2013; 79: 5112–5120. https://doi.org/10.1128/AEM.01043-13
PMID: 23793624
19. Esty WW The efficiency of Good’s nonparametric coverage estimator. Ann Stat. 1986; 14: 1257–1260.
https://doi.org/10.1214/aos/1176350066
20. Martin AP Phylogenetic approaches for describing and comparing the diversity of microbial communi-
ties. Appl Environ Microbiol. 2002; 68: 3673–3682. https://doi.org/10.1128/AEM.68.8.3673-3682.2002
PMID: 12147459
21. Dufrene M, Legendre P Species assemblages and indicator species: The need for a flexible asymmetri-
cal approach. Ecol Monogr. 1997; 67: 345–366. https://doi.org/10.1890/0012-9615(1997)067[0345:
saaist]2.0.co;2
22. Glendinning L, Wright S, Tennant P, Gill AC, Collie D, McLachlan G Microbiota in exhaled breath con-
densate and the lung. Appl Environ Microbiol. 2017; 83: e00515–00517. https://doi.org/10.1128/AEM.
00515-17 PMID: 28389539
23. Dho M, Mouline C Qualitative and quantitative-analysis of the bacterial-flora in the trachea of healthy
chickens. Ann Rech Vet. 1983; 14: 189–194. PMID: 6660815
24. Sohail MU, Hume ME, Byrd JA, Nisbet DJ, Shabbir MZ, Ijaz A, et al. Molecular analysis of the caecal
and tracheal microbiome of heat-stressed broilers supplemented with prebiotic and probiotic. Avian
Pathol. 2015; 44: 67–74. https://doi.org/10.1080/03079457.2015.1004622 PMID: 25564364
25. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory con-
tamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014; 12: 87. https://
doi.org/10.1186/s12915-014-0087-z PMID: 25387460
26. Dickson RP, Erb-Downward JR, Martinez FJ, Huffnagle GB The microbiome and the respiratory tract.
Annu Rev Physiol. 2016; 78: 481–504. https://doi.org/10.1146/annurev-physiol-021115-105238 PMID:
26527186
27. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al. Topographical continuity of
bacterial populations in the healthy human respiratory tract. Am J Respir Crit Care Med. 2011; 184:
957–963. https://doi.org/10.1164/rccm.201104-0655OC PMID: 21680950
28. Bassis CM, Erb-Downward JR, Dickson RP, Freeman CM, Schmidt TM, Young VB, et al. Analysis of
the upper respiratory tract microbiotas as the source of the lung and gastric microbiotas in healthy indi-
viduals. mBio. 2015; 6: e00037–00015. https://doi.org/10.1128/mBio.00037-15 PMID: 25736890
29. Sze MA, Tsuruta M, Yang S-WJ, Oh Y, Man SFP, Hogg JC, et al. Changes in the bacterial microbiota in
gut, blood, and lungs following acute LPS instillation into mice lungs. PLoS One. 2014; 9: e111228.
https://doi.org/10.1371/journal.pone.0111228 PMID: 25333938
30. Dickson RP, Erb-Downward JR, Freeman CM, McCloskey L, Falkowski NR, Huffnagle GB, et al. Bacte-
rial topography of the healthy human lower respiratory tract. mBio. 2017; 8: e02287–02216. https://doi.
org/10.1128/mBio.02287-16 PMID: 28196961
31. Venkataraman A, Bassis CM, Beck JM, Young VB, Curtis JL, Huffnagle GB, et al. Application of a neu-
tral community model to assess structuring of the human lung microbiome. mBio. 2015; 6: e0084–
0014. https://doi.org/10.1128/mBio.02284-14 PMID: 25604788
32. Gong JH, Forster RJ, Yu H, Chambers JR, Wheatcroft R, Sabour PM, et al. Molecular analysis of bacte-
rial populations in the ileum of broiler chickens and comparison with bacteria in the cecum. FEMS Micro-
biol Ecol. 2002; 41: 171–179. https://doi.org/10.1111/j.1574-6941.2002.tb00978.x PMID: 19709251
33. Oh JK, Pajarillo EAB, Chae JP, Kim IH, Yang DS, Kang DK Effects of Bacillus subtilis CSL2 on the com-
position and functional diversity of the faecal microbiota of broiler chickens challenged with Salmonella
Gallinarum. J Anim Sci Biotechnol. 2017; 8: 1. https://doi.org/10.1186/s40104-016-0130-8 PMID:
28070331
34. Pourabedin M, Guan LL, Zhao X Xylo-oligosaccharides and virginiamycin differentially modulate gut
microbial composition in chickens. Microbiome. 2015; 3: 15. https://doi.org/10.1186/s40168-015-0079-
4 PMID: 25874109
35. Martin E, Fallschissel K, Ka¨mpfer P, Ja¨ckel U Detection of Jeotgalicoccus spp. in poultry house air. Syst
Appl Microbiol. 2010; 33: 188–192. https://doi.org/10.1016/j.syapm.2010.03.008 PMID: 20435421
Age-related differences in the respiratory microbiota of chickens
PLOS ONE | https://doi.org/10.1371/journal.pone.0188455 November 22, 2017 13 / 13
